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0 Apparatus for mammalian nerve regerieration. 



® The invention relates to in vivo mammalian 
nerve regeneration of a damaged nerve, using an 
electric current through the damaged nerve while the 
nerve ends are abutted against one another, sutured 
together, or spaced apart from each other. The ap- 
paratus (20). which includes a nerve guide tube (32), 
is implantable in a human body (24) so that electric 
current passing through a pair of wires (28, 30) from 
a. combined battery and resistor (26) can be main- 
tained for an extended period of time to produce 
regeneration of the damaged nerve (22). 
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APPARATUS FOR MAMMALIAN NERVE REGENERATION 



The invention relates to the regeneration of a 
damaged mammalian nerve, and particularly to a 
method and apparatus for in vivo mammalian nerve 
regeneration using an electric current from the 
proximal nerve end (that is, the nerve end closest 
to the cell body) to the distal nerve end (that is, the 
nerve end furthest from the cell body) with the 
nerve ends either spaced apart from each other or 
sutured together. 

Considerable research relating to nerve growth 
and nerve regeneration has produced numerous 
publications relating to these topics. The distinction 
between "nerve growth" and "nerve regeneration" 
is significant The growth of a nerve does not 
assure that the nerve will function even partially as 
it did prior to damage. That is, "nerve growth" 
does not assure the functioning of the nerve as a 
channel for communication of information. In con- 
trast, "nerve regeneration" as used herein is the 
regeneration of a nerve to serve at least partially as 
part of the communication system of the nervous 
system. It is well known in the art that there are 
substantial differences between a mammalian ner- 
vous sytem and other nervous systems. Thus, the 
evaluation of methods and apparatuses for mam- 
malian nerve regeneration must be carried out on a 
mammal to have any value and credibility. 

When axons of the mammalian peripheral ner- 
vous sytem (PNS) are severely damaged (i.e., in 
compression or transection injuries), several phe- 
nomena may take place. First, if left unmodified, 
the distal stump will nearly always degenerate 
(Wallerian degeneration). This degeneration is as- 
sociated with concomitant chromatolyttc changes 
proximally in the perikaryon. If damage to the 
nerve is sufficiently severe, the axons in the proxi- 
mal portion will degenerate, followed by the degen- 
eration and (usually) death of the perikaryon. If the 
damage to the nerve is less severe and left un^ 
modified, a number of biochemical changes begin 
to occur in the remaining proximal portion. These 
proximal changes involve a complex series of re- 
sponses of the cell body to the injury, which seem 
to prepare the intact portion for regeneration. Such 
changes include alterations in axonal transport 
characteristics, protein processing, and nucleic acid 
synthesis. Morphologically regenerating growth 
cones from the damaged proximal stump often 
appear, and the axons will begin to regenerate from 
the proximal stump towards the original target re- 
gion. 

Such damage is likely to produce collateral 
sprouting from neighboring axons that are not as 
severely injured and which did not urKfergo Wal- 
lerian degeneration. The newly growing neurities 



probably use the degenerated distal segment as a 
guide to the denervated target area. Presumably, 
the reactive Schwann cells provide the communica- 
tive means for regeneration'to the target by provid- 

5 ing diffusable growth-promoting factors, and by 
providing a suitable growth surface established by 
the plasma membrane and/or basal lamina, or ex-* 
tracellular matrix. All of these morphological and 
biochemical changes are primarily dependent upon 

70 several factors, including the severity and location 
of the injury depending upon the proximity to the 
perikaryon, the size of the axons injured, and the 
species involved. For example, higher vertebrates 
have less capacity to regenerate the peripheral 

75 nervous system (PNS) axons effectively. 

In the central nervous system (CNS), the un- 
aided attempts at regdrieration often are quickly 
aborted by the body, resulting in a completely 
degenerated proximal stump and perikaryon. Re- 

20 cent publications have improved the understanding 
of the cellular events in the CNS following injury. 
Transplantation of embryonic tissues into the brain 
or spinal cord has proven to be a useful tool for 
determining the essential factors for regeneration. 

25 Because embryonic cells have a high potential for 
growth and differentiation, their transplantation * 
should provide a suitable environment capable of 
promoting and supporting growth ef the lesioned 
adult central or peripheral nervous system. Fetal 

30 cell implants, particularly neurons and muscle fi- 
bers implanted into the nervous system, possess 
the ability to induce axons to grow with a strong 
attraction to the grafted fetal tissue. Much of the 
published work relating to transplantation has fo- 

35 cused on attempts to induce regeneration in the 
CNS. The results from a large number of investiga- 
tors have shown that, unlike the previous assump- 
tions of past decades, parts of the CNS are indeed 
capable of limited regeneration. Both functional and 

40 morphological data suggest that the injured brain 
and spinal cord can recover a certain degree of 
function following trauma. The contribution of the 
graft to the reconstruction of the host CNS is not 
well established. For example, the role of collateral 

45 sprouting from undamaged fibers of the host into 
the damaged region containing the graft has not 
yet been determined. A major determinant of the 
extent of regeneration is the environment encoun- 
tered by the regrowing axons. The mechanisms 

50 underiying the axonal growth, guidance, and matu- 
ration appear to be strongly influenced by trophic 
factors in the environment which are appropriate 
and necessary for regeneration and referred to in 
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the art as "growth-promotors". These substances 
may be specific for a particular target tissue and 
are likely to have a wide spectrum of growth- 
promoting potencies. 

The reason a moderate or severe injury to a 
mammalian nerve may not lead to appropriate In- 
nervation of the target tissue may be the propor- 
tionally greater distance (due to Wallerian degener- 
ation) those axons must travel. Presumably, trophic 
substances from nearby tissues may have a great- 
er trophic potential than the intended target tissue. 
As a result gap length of an injury has been shown 
in the prior art to be a primary factor in determining 
the success of functional regeneration. This lack of 
target specificity has been suggested in the litera- 
ture as tfie underiying cause of the frequent forma- 
tion of neuromas, as well as tiie inappropriate con- 
tact on ottier tissues. Thus, significant improve- 
ments have been observed after neural an- 
astomoses have been made. The cunrent metiiod 
of choice in neurosurgical repair of damage to 
peripheral nerves is simple anastomosing of tiie cut 
end of ttie nerve, although this intervention is limit- 
ed. 

Simple anastomosing will not be sufficient in 
those circumstances where damage and degener- 
ation is so extensive tiiat the distance between the 
remaining proximal and distal stumps is excessive. 
An alternative solution employs the use of a struc- 
ture or "bridge" across tiie gap length from tiie cut 
proximal stump to eitiier the distal, portion of the 
nerve or to the target tissue itself. In animal stud- 
ies, the various materials which have been used to 
bridge tiie gap include peripheral nerve grafts, 
mesotheliai chambers, millipore and silicone tubes. 

Of particular interest are the artifically pro- 
duced and commercially available "nerve cuffs" or 
"nerve guide tubes" which are implanted and ex- 
tend t)etween the stumps. Prior art nerve guide 
tubes are electrically passive, that is. do not in- 
clude any electrical current, and have tiie shape of 
a hollow cylinder. The nerve guide tubes are gen- 
erally made of either silicon or bioresorbable sub- 
stances. The nerve guide tubes can be filled or 
coated with a growtti supporting matrix such as 
laminin tiiat promotes neural growth over greater 
distances than the unmodified nerve guide tube 
alone. The nerve guide tubes have been studied, 
reported in tiie literature and are commercially 
available. During the regenerative process, between 
two and three weeks after injury, the host body 
usually causes the interior of the nerve guide tube 
to fill witii a viscous fluid containing proteins and 
other material in an amorphous matrix. Protein 
strands appear oriented along tiie longitudinal axis 
of tiie chamber, and may serve as tiie substrate for 
cellular migration. Before axons appear, Schwann 
cells and fibroblasts infiltrate tiie matrix. In general, 



blood vessels appear last, altiiough some studies 
have observed capillary formation prior to axonal 
growth. It has been suggested ttiat tiie eariy invad- 
ing cells modify the matrix of "tiie nerve guide tube 
6 and tiiereby facilitate tiie ingrowtii of axons. It is 
important to note that the extracellular matrix will 
fonm in ttie absence of a distal segement No 
axonal outgrowth will occur, indicating tiiat tiie ma- 
trix Is by itself insufficient to promote axonal 
10 growtti. Perhaps tiie distal stump provides a hu- 
moral agent diffusible in the matrix which is neces- 
sary for growth and/or guidance of axons. This 
would be similar to the requirement for Schwann 
cell or muscle cell "conditioned media" in the 
15 growth of sensory, sympathetic or motor neurons in 
vitro . Axon diameter and density are greater when 
a distal stump is present. Whatever tiie exact 
mechanisms responsible for growtii. (structural, cel- 
lular, and/or humoral), and wherever tiie site of 
20 action (at tiie axon or bits substratum), the nerve 
guide tubes provide an "artificial" environment suit- 
able for supporting axonal growth over relatively 
long distances. 

As used herein, a "nerve guide means" is an 
55 electrically passive physical structure for enhancing 
nerve regeneration and includes prior art nerve 
guide tubes and other structures which are not 
tubular such as a plate-shaped object solid tubes 
and other shapes which are effective for enhancing , 
30 nerve regeneration. 

Some cell types have been shown to be af- 
fected by static and dynamic electromagnetic 
fields. Most extensively studied are the effects of 
electromagnetic fields on tDone growth, and prior 
35 art reports of in vitro results have demonstrated 
beneficial effects to some specific types of cells. 
Recently, published studies in bone-derived, cell 
cultures have shown ttiat electtomagnetic fields 
induce specific biochemical alterations. Such ief- 
40 fects include cAMP fluctuations, altered stales of 
actin polymerization, enhanced DNA synthesis and 
changes In calcium uptake. The exact mechanisms 
responsible for electromagnetic fieW induced-bone 
growtii have not been characterized fully. Due to 
45 the complex morphology of the neurpnal cell, as 
well as its ability to grow in vitro , the nervous 
system is particularly well-suited for studies of tiie 
effect of electromagnetic fields on the growtii of 
cells. In tiie past ten years, many studies have 
60 demonstrated that neurite elongation and orienta- 
tion can be influenced by an electromagnetic field. 
Specifically, witiiin a static electric field, neurite 
growtii is directed toward tfie cattiode. Changes In 
the orientation of these neurites can be observed 
55 witti light microscopy after a period of time from 
about several minutes to about several hours. Ail 
neurons that have been studied to date in vitro 
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respond in some way to an applied electromag* 
netic field. Many variations in electromagnetic fieid 
parameters have been used to observe changes in 
neurtte growth. 

The vigorous in vitro response of all neuronal 
cell types to a wide range of electromagnetic fieid 
effects (and thus an apparent lack of specificity for 
cell type or stimulus) has been used as an ar- 
gument against the concept that endogenous fields 
sen^e a primary role in the guidance of growing 
neuronal processes in vivo . This is often supported 
by studies showing neurite growth to a target in the 
absence of intrinsic action potentials, and axonal 
synaptogenesis occuning during the blockade of 
postsynaptic ion channels. Growth and guidance in 
the nervous system is complex. The local microen- 
vironment with respect to the events required for 
growtin and guidance must necessarily be impor- 
tant for the establishment of proper channels to tiie 
target cell. These events are multifactorial, .and 
include a variety of btoelectrochemical processes 
such as the timing of membrane interactions be- 
tween growing axons and glia. It is likely that such 
multiple interactions are subtle, and may require 
extremely small local electrical interactions. Action 
potentials or postsynaptic events may therefore be 
insufficient alone, or temporally inappropriate to 
affect the growth process significantiy. 

The metfiod of application of the electromag- 
netic fields used in the in vitro studies is vastly 
different from what would be possible under local 
microenvironmental conditions. Typically, in vitro 
studies* apply an electnmagnetic field across a large 
population of cells, often in a culture dish having a 
volume of enormous size in comparison to the cell, 
and with a concomitantly applied homogenous cur- 
rent density. Experimental results substantiate that 
electromagnetic fields may serve a modulatory 
function in orienting neurite growtii within localized 
regions. 

The application of extracellular direct current 
electric fields in vitro may accelerate as well as 
orient the growth of neurites in embryonic explants 
or in dissodated neuronal cultures. The mecha- 
nisms by which these biochemical alterations occur 
are not well understood, nor are tiiey necessarily 
directly related. In addition, different neuron types 
appear to respond differently with regard to stimu- 
lation amplitude and duration. The biophysical 
mechanism responsible may be related to the elec- 
trophoretic redistribution of cytoplasmic compo- 
nents which may occur if an extracellular potential 
produces a voltage potential drop in the cytoplasm. 
The site of most of the cell's electrical resistance is 
the plasma membrane so that the electromagnetic 
field would be the strongest and have the greatest 
voltage potential difference relative to the cytopl- 
asm. Thus, an electromagnetic field may alter the 



membrane's voltage potential asymmetrically, 
thereby perturbing growth-controlling transport pro- 
cesses across the membrane. The cytoplasm has 
far less resistivity than the plasma membrane, and 
5 the voltage potential drop is on the order of 10** 
volts. The majority of work published involving 
electromagnetic fields on whole cells in vitro use a 
static electromagnetic field in the range of 0.1 to 15 
V/cm, roughly translating into an average of ID 

10 mv/cell diameter. Assuming that 50% of this volt- 
age is exerted across the plasma membrane at 
each end of the cell, this would result in hyper- 
polarization or depolarization of 5 mv, depending 
on the polarity, f^ost neuronal resting membrane 

75 potentials are approximately -70 to -90 mv and 
local ion conductances or enzyme activation states 
at the membrane may be changed enough to alter 
or modify the normal function- 

Furtiiermore. an electrophoretic accumulation 

20 of molecules responsible for neuritic extension 
and/or adhesion may occur toward the membrane. 
A charged macromolecule of ordinary elec- 
trophoretic mobility (1 micron/secA//cm) across a 
10 micron distance requires 10^ to 10^ seconds 

25 (three hours to ten days). It is possible that higher 
electromagnetic field strengths (approximately 10 
V/cm) can cause substantial intracellular migration 
of growtivrelated molecules, or receptors for tro- 
phic substances. It has been shown in the prior art 

30 that the accumulation of surface glycoproteins can 
occur elecfrophoretically at the cathode in isolated 
cultured cells. Membrane glycoproteins are be- 
lieved to play a crucial role in cell adhesion to the 
substratum. Cathodal accumulation of these mol- 

35 ecutes at the membrane may be responsible for 
some of the orienting effects of the electromagnetic 
field. These hypotheses are consistent witii the 
majority of the prior art data showing that most 
changes in directionality or growth rate occur within 

40 twenty-four hours of exposure in vitro . Thus, an 
electromagnetic field in vitro produces a growth 
promotion effect as well as a guidance effect 

U.S. Patent No. 4.306,561 discloses methods 
and apparatuses for the reattachment and repair of 

45 severed nerves in a human body. The '561 Patent 
describes the use of direct cunrent from the proxi- 
mal nerve end to the distal nerve end to test 
electrical continuity in the nerve. The '561 Patent 
does not, however, suggest the use of electric 

50 current as a means for regeneration of nerves. 
Further, the '561 Patent strongly discourages sutur- 
ing nerve ends together. The '561 Patent discloses 
a device for holding the nerve ends in abutment 
which requires vacuum lines to engage the nerve 

55 ends and is generally in the form of a modified 
forceps. Thus, the device is not at all suitable for 
being implanted and the disclosure limits its use to 
a period of about 5 hours because the patient has 
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an open wound during the use of the device. The 
requirement disclosed in the '561 Patent that the 
nerve ends abut each other precludes the regen- 
eration of a damaged nerve for which the nerve 
ends are spaced apart. 5 

From the background given above, it can be 
appreciated that mammalian nerve regeneration 
and particularly peripheral nerve regeneration is a 
complex phenomenon. Furthermore. It can present 
serious problems to the neurosurgeon who wishes io 
to intervene in some way to increase the chances 
of good functional recovery following severe darrv 
age to nerves, particularly to peripheral nerves. 

The present invention relates to regeneration of 
a damaged mammalian nerve and overcomes 75 
these and other shortcomings of the prior art As 
used herein, the word "nerve" means, generally, 
fitters of the central or peripheral nervous system. 
It is a primary object of the invention to provide a 
method and apparatus for in vivo mammalian nerve 20 
regeneration of a damaged nerve using an electric 
current from the proximal nerve end to the distal 
nerve end with the nerve ends either spaced apart 
from each otiier or sutured substantially in abut- 
ment to each other. As used herein, an "electric 25 
current from the proximal nerve end to the distal 
nerve end" is an electric current more positive at 
the proximal nerve end than the distal nerve end 
and is refenred to as "correctly .oriented" current. 

It is a further object of the invention to provide 30 
a method and apparatus for in vivo mammalian , 
nerve regeneration of a damaged nerve using an 
electric current from the proximal nerve end to the 
distal nerve end and a nerve guide means. 

It is a still further object of the invention to 35 
provode a method and apparatus for in vivo mam- 
malian nerve regeneration of a damaged nerve 
using an electric current from the proximal nerve 
end to the distal nerve end and a nerve guide 
means including a matrix conducive to the growth 40 
of nerve cells. 

It is a yet furtiier object of tiie present invention 
to provide an implantable apparatus for in vivo 
mammalian nerve regeneration of a damaged 
nerve. 45 

In accordance witii illustrative embodiments 
demonstrating objects and features of the present 
Invention, there is provided one embodiment of the 
apparatus for in vivo mammalian nerve regenera- 
tion of a damaged nerve having proximal and distal so 
nerve ends, in which the apparatus includes means 
between the nerve ends to maintain the nerve ends 
in proximity to each other, and means to produce 
an electric currerrt from the proximal nerve end to 
the distal nerve end at a level and for a period of 55 
time to regenerate the damaged nerve. 



Anotiier embodiment of tiie apparatus for in 
vivo mammalian nerve regeneration of a damaged 
nerve having proximal and distal nerve ends, in- 
cludes a nerve guide means extending between tiie 
nerve ends to induce nerve growth, and means to 
produce an electric current from the proximal nerve 
end to the distal nerve end at a level and for a time 
to regenerate tfie damaged nerve. 

The invention also relates to one embodiment 
of a method of in vivo manrvnalian nerve regenera- 
tion of a damaged nerve having proximal and distal 
nerve ends, in which the method includes suturing 
the nerve ends in substantial abutment to each 
other and. thereafter, producing an electric cunrent 
from the proximal nerve end to the distal nerve end 
at a level and for a period of time to regenerate the 
damaged nerve. 

Additionally, the invention relates to another 
embodiment of a method for in vivo mammalian 
nerve regeneration of a damaged nerve having 
proximal and distal nerve ends, in which tiie metii- 
od Includes means including positionirtg a nerve 
guide means near the nerve ends to enhance nerve 
growth and. concurrerrtly, producing an electric cur- 
rent from the proximal nerve end to the distal nerve 
end at a level and for a period of time to regener- 
ate tiie damaged nerve. 

The atx>ve descriptions, as well as further ob- 
jects, features an6 advantages of tt)e present in- 
vention will be more fully understood by reference 
to the following detailed description of tiie pres- 
ently prefenred, but nonetheless illustrative embodi- 
ments in accordance with the present invention, 
when taken in conjunction with the accompanying 
drawings in which: 

RG. 1 is a perspective view of tiie front of a 
surgically opened human hand, with an apparatus 
according to tiie invention applied to a damaged 
nerve in the hand; 

RG. 2 is a generally front perspective view 
on an enlarged scale of the apparatus shown in 
FIG. 1 as it is being engaged onto nerve ends 
sutured together, with the instivment holding tiie 
apparatus not shown for clarity in Illustration; 

RG. 3 is a fragmentary perspective view of 
the apparatus shown in FIG. 2 after it has engaged 
the sutured nerve ends; 

RG. 4 is a sectional view along the line 4-4 
shown in RG. 3 and shows the damaged nerve 
encircled by the apparatus; 

RG. 5 is a sectional view of another embodi- 
ment of the apparatus enclosing spaced apart 
nerve ends; 

RG. 6 is a fragmentary perspective view of a 
spinal cord in a human neck with yet another 
embodiment of the apparatus, with portions of tiie 
neck omitted for clarity in illustration; 
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FIG. 7 is a bar graph showing axon count 
after twelve days for rats having implanted ap- 
paratuses according to the invention with correctly 
oriented electric current, inverted electric cunrent, 
and no electric current being applied to the elec- 5 
trodes in the apparatuses; 

RG. 8 shows a bar graph indicating percent 
of spontaneous alternation after four weeks for rats 
having implanted apparatuses in the brain, accord- 
ing to the invention, vwth correctly oriented electric io 
cun'ent, inverted electric current and no electric 
current as compared to rats having no lesions and 
no implanted apparatuses (normal); 

RG. 9 shows a bar graph indicating the 
number of arm entries in fifteen minutes following 75 
four weeks of an implantation of apparatuses ac- 
cording to the invention in lesioned rat hippocam- 
pus with correctly oriented electric current, inverted 
electric current and no electric current, as com- 
pared to rats having no lesions and no implanted 20 
apparatuses (nomnal); and 

FIG. 10 shows a bar graph indicating Swim 
Test time in seconds after four weeks for rats 
following implantation of the apparatuses according 
to the invention in lesioned rat hippocampus with 25 
con'ectly oriented electric current, inverted electric 
current and no electric current, as compared to rats 
having no lesions and no implanted apparatuses 
(normal). 

Nerves can become damaged for many rea- 30 
sons such as physical impact, severing, or some 
other physdal trauma. If the extent of tiie damage ' 
is limited, the damaged portion can be removed 
and the nerve ends can be easily abutted. For such 
a situation, it is convenient to suture the nerve ends 35 
together to- maintain the nerve ends in substantial 
abutment to each other. This allows an implantable 
apparatus according to the invention to be used 
conveniently. The inventors have discovered that 
an electric cun'ent from the proximal nerve end to 40 
tiie distal nerve end can produce nerve regenera- 
tion for nerve ends which have been sutured to- 
gether in contrast to the disclosure in the afore- 
mentioned U.S. Patent No. 4,306,561. The regen- 
eration of tiie nerve can require an extended ap- 45 
plication of the electric current, and it is advanta- 
geous to have tiie apparatus in an implantable 
physical form so that the electric current can be 
maintained for a long period of time without having 
to maintain the subject either under operating con- 50 
ditions or immobile. Generally, the electric cunrent 
is maintained for at least about a week, and prefer- 
ably for longer than about one month. An electric 
cunent of about 1 .4 microamps has been found to 
be satisfactory. The range of suitable electric cur- 55 
rent depends upon the nerves to be regenerated, 
the location of nerve injury, the subject, and the 



period of time the electric current is to be main- 
tained. These parameters can be based on data 
relating to in vitro experiments and can be deter- 
mined experimentally. 

In the case of extensive nerve damage, tiie 
removal of the damaged portion could result in the 
nerve ends being spaced apart a distance which 
does not allow the nerve ends to be brought into 
abutment to each other without further nerve dam- 
age. In such a situation, it is advantageous to allow 
the nerve ends to be spaced apart while carrying 
out nerve growth and regeneration. It has been 
found that the growtii of nerve ends spaced apart 
from each other under the influence of an electric 
current from the proximal nerve end to the distal 
nerve end will produce a regenerated nerve. A 
nerve guide means substantially improves tiie 
nerve regeneration process for both nerves sutured 
together or nerves spaced apart from each other. 

It is preferable to have the apparatus according 
to the invention in an implantable physical form so 
tiiat an electric cunrent can be maintained witii or 
without a nerve guide means for an. extended pe- 
riod of time such as a week or several weeks or 
even longer while allowing tiie patient a minimum 
of discomfort The electrical circuit for producing 
electric current according to the invention, in its 
simplest embodiment, includes an electric cell and 
two wires connected to the terminals of the electric 
celt The electric cell can be a commercially avail- 
able miniature battery such as a battery used for 
hearing aids. *One suitable electric cell is a type 
13M miniature disc battery which has a thickness 
of about 5 millimeters and a diameter of about 7 
millimeters and produces a voltage of about 1.4 
volts. The wire used is preferably made of a metal 
compatible with a living body. One suitable metal is 
stainless steet Preferably, tiie wires are insulated 
except for tiie portions to be used to produce the 
electric current through the damaged nerve. The 
insulating material is preferably compatible witii a 
living body. One suitable insulating material Is tiie 
material having tiie trademaric TEFtON. Preferably, 
tiie wire is tiiin and typically has a diameter of 
about 35 microns. It is preferable to incude a 
resistor in series witii the electric cell in order to 
limit the electric cun-ent to a predetermined 
amount The prior art includes many references 
stating the range of electric current used for in vitro 
experiments, and this provides a guide for the level 
of electric current which may be suitable for in vivo 
mammalian nerve regenerating according to the 
invention. The generally maximum electric current 
used for the examples herein was determined by 
having the electric circuit of the electric cell and 
the wires completed with the wire ends in a phys- 
iological saline environment and measuring the 
electric current Rom this data a resistor was se- 
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lected so that the electric current for this situation 
would be about 1.5 microamps. The resistor used 
had a resistance of about 1 nr^egohm. The battery 
and resistor are preferably placed into a form suit- 
able for implanting. The battery and resistor with 
the wires attached can be encased in several lay- 
ers of an epoxy, and then the epoxy was covered 
with a medical grade adhesh/e such as sold under 
the trademark SILASTIC. It is known that SILASTIC 
minimizes tissue reaction to an implanted sub- 
stance. 

It Is preferable to use the instant apparatus 
including a nerve guide means, because the nerve 
guide means serves several important functions 
including maintaining the electrodes separated 
from each other, providing a convenient structure 
for contacting the wires with the respective nerve 
end, and providing a desirable environment for the 
growth and regeneration of nerves. Many nerves 
have a generally circular cross-section, so that a 
nerve guide means in the form of a hollow drcular 
cylinder is suitable for nerve regeneration of many 
types of nerves. The diameter of the inside cross 
section depends on the cross section of the nerve. 
The hollow central portion of the cylinder can be 
some other shape better adapted for the cross- 
sectional shape of a nerve. In practice, it is often 
necessary to engage the cylinder onto the nerve 
and later on to remove the cylinder. A slit or cut 
from one end to the otiier end of the cylinder will 
allow the cylinder to be spread open for these 
operations. A conventional surgical tool can be 
used to engage and remove the cylinder. The 
nerve guide means can also have^ the shape of an 
incomplete tube open at one side to simplify the 
engagement and disertgagement of the tube. In 
some circumstances, such as nerves in the central 
nervous system in the spinal column, or brain, a 
nerve guide means in the form of a tube may not 
be convenient For such a situation, a nerve guide 
means in tire form of a curved plate can be used. 
The plate can be held in place by the use of 
sutures to enable implanting. 

Referring now to FIGS. 1-4, an apparatus ac- 
cording to one embodinr»ent of the invention is 
generally designated by the numeral 20. The ap- 
paratus 20 is shown in RG. 1 engaged with a nerve 
22 in a hand 24 during an operation to implant ttie 
apparatus 20. The apparatus 20 includes a com- 
bined battery and resistor 26. insulated wires 28 
and 30 and a hollow cylinder 32 which serves as a 
nerve guide means. The cylinder 32 has a cut 34 
from one end to the other end of the cylinder 32 so 
that tiie cylinder 32 can be opened with a conven- 
tional surgical tool (not shown) as shovm in RG. 2, 
to engage oc disengage the nerve 22. Typically, 



the cylinder 32 is about 0.5 in. long, has an inside 
diameter of about 0.16 in. and an outside diameter 
of abut 0.24 in but this can be varied in accordance 
with the size of the nerve^ 
5 FIG. 2 shows the proximal nerve end 36 sutur- 

ed to the distal nerve end 38 by sutures 40 so that 
tine nerve ends 36 and 38 are substantially abutting 
each other. As can be seen in RG. 3. ihe cylinder 
32 engages tiie nerve 22 so that the sutured nerve 
10 ends 36 and 38 are within the cylinder 32, Prefer- 
ably, tiie sutured nerve ends 36 and 38 are cen- 
trally positioned in tiie cylinder 32. The procedure 
for implanting the apparatus 20 Into the hand 24 
can be done using conventional techniques. RG. 1 
15 shows tiie use of a conventional surgical tool 42 
(shown in part) for maintaining the hand 24 opened 
to receive the apparatus 20, FIG. 4 shows a cross 
sectional view of tiie nerve 22 in tiie cylinder 32, as 
seen along the lines 4-4 of RG. 3. As best seen in 
20 RGS. 2 and 3. tfie Insulated wire 28 ends in a bare 
wire 44 which extends ti>rough a small hole in tiie 
wall of the cylinder 32 into tiie interior of tiie 
cylinder 32 so ttiat It can electrically contact tiie 
proximal nerve end 36. Similarly, the insulated wire 
25 30 has a bare wire end 48 which extends through a 
hole in the wall of the cylinder 32 into tiie interior of 
the cylinder 32 so tiiat it can electrically contact 
the distal nerve end 38. The bare wire ends 44 and 
46 can be fixed in position by the use of a suitable 
30 bonding ggerii such as SILASTIC sold by Dow 
Chemical Co. 

FIG. 5 shows a sectional view of an apparatus 
50 which is another embodiment of the invention. 
The apparatus 50 includes a hollow cylinder 52 
05 serving as a nerve guide means, with a cylinder 54 
generally bonded perpendicular to the cylinder 52 
using SILASTIC. As used in tiie example herein, 
the cylinder 52 is refen-ed to as tiie "nerve guide 
tube" and tiie cylinder 54 is referred to as tiie 
40 "lead tube". A battery and resistor (not shown) 
have insulated wires 56 and 58 extending down ttie 
cylinder 54 and out tiirough holes 60 and 62, 
respectively. The wire 56 has a bare end 64 ex- 
tending tiirough a hole 66 in tiie cylinder 52. into 
45 the interior of the cylinder 52 to make electrical 
contact with a nerve end 6a Similarly, tiie insulated 
wire 54 has a bare wire end 70 which extends 
through a hole 74 in the cylinder 52. to ttie interior 
of the cylinder 52 to make electiical contact witii 
50 nerve end 72. Nerve ends 68 and 72 are spaced 
apart from each other. 

RG. 6 shows a further embodiment of the 
invention in which a plate 80 is used as a nerve 
guide means and to maintain ends of wires 82 and 
55 84 spaced apart and in contact with nerve ends 
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(not shown). A combined battery and resistor 86 
provides an electric current througli tlie damaged 
nerve in order to enhance regeneration of the 
damaged nerve. 

Apparatuses according to the invention as 
shown in RG. 5 were implanted in rats, and mea- 
surements were made to evaluate the performance 
of the apparatuses. Adult male Sprague-Dawfey 
rats weighing approximately 3000g were used. Pri- 
or to sterile surgey. a KETAMINE anesthesia is 
administered to the rats (lOOmv/IOOg body weight 
supplenented with ROMPUN). The implantation of 
the apparatuses are performed by a variation of the 
method disclosed in an apparatus by M. Politis and 
P.S. Spencer which appeared in "Brain Research", 
Vol, 278. pp. 229-231. 1983. The nerve guide tube 
(con^esponding to the cylinder 52) is placed near 
the nerve to be used, and the lead tube 
(corresponding to the cylinder 54) is sutured to the 
musculature in order to provide mechanical stability 
during manipulation. Thereafter, using a small scis- 
sors, the nerve is transected just before the first 
bifurcation of the* sciatic nerve. This is an ideal 
location to transect the nerve because it allows 
maximum manipulation of the nerve while being 
distal enough to avoid severly traumatizing the 
perikarya. One centimeter of the distal stump is 
frozen on dry ice, allowed to thaw and then sutured 
to the proximal stump using 9-0 silk. The nerve 
guide tube was placed over the sutured nerve. The 
lead tube is then further sutured to the musculature 
to provide additional mechanical stability. A long 
incision is made from the original thigh incision to 
extend to the dorsal aspect of the lower lumbar 
region. The power supply is fastened to the dorsal 
fascia with 5-0 silk. Each lead tube is gently fas- 
tened to the overlying fascia with 8-0 silk ligatures 
for additional stability. The skin overlying the power 
supply is then sutured closed. 

RG. 7 shows the results of implantation of 
apparatuses after transection-freeze lesion of rat 
sciatic nerves described above for three groups, 
each containing four rats. In one group of rats, 
correctly oriented cunrent flow was used. In a sec- 
ond group of rats, the cunrent flow was reversed, 
and in a third group of rats no current was used- 
The axon count in the distal stump was consis- 
tently higher for rats having apparatuses according 
to the invention using correctly oriented cunrent, as 
compared to rats having apparatuses which had 
inverted electric current or no electric cun-ent 

Apparatuses according to the invention as 
shown in FIG. 6 were implanted in rats and mea- 
surements were made to evaluate the performance 
of the apparatuses to facilitate functional recovery 
in rats following severe brain injury. For this pur- 
pose, the medial fimbria bundle which contains 
cholinergic efferents projecting from the septum to 



dorsal hippocampus were unilaterly damaged. This 
partial-lesion paradigm reproducibly results in sig- 
nificant biochemical and bevavioural deficits. The 
following is a more detailed description of the op- 
5 oration and subsequent evaluation. 

Adult male Sprague-Dawley rats weighing ap- 
proximately 300g are anesthetized witfi NEMBU- 
TAL anestiiesia. The scalp and underlining fascia is 
resected to expose the skull. A 5mm square bone 

10 flap is cut posterior to bregma and over the left 
hemisphere lateral to the midline (sagittal) suture. 
Approximately 3mm square area of cortex is care- 
fully removed by suction, and the newly exposed 
underiining corpus callosum is gentiy resected until 

75 tiie head of the hippocampus is visible through a 
dissecting microscope. A pair of fine surgical for- 
ceps is placed just anterior to the exposed head of 
tiie hippocampus and Inserted 1.5mm info the 
brain. The tips of the fine forceps are then closed 

20 and opened several times, thereby crushing the 
medial fimbria bundle which projects from the sep- 
tum to the hippocampus. After completion of the 
Injury to the medial fimbria bundle the embodiment 
of the invention as shown in RG. 6, having dimen- 

25 sions of 2-5mm wide and 4.5mm long, was inserted 
through the opening and slid into place so as to 
rest in the ventiicular space just above the hippo- 
campus. For rats having correctiy oriented electric 
cun'ent, the cathode is positioned posteriorly over 

30 the dorsal hippocampus with tiie anode being 1mm 
rostral to the crushed medial fibria bundle. For rats 
having inverted electric cunrent the implant is in- 
verted with the cathode rostral and the anode cau- 
dal. This is also done for the rats which would have 

35 no electric current The implants are anchored in 
place witii GEL-FOAM packing, and the electrical 
leads are run to the skull opening to the back of 
the neck where the attached battery power unit was 
subcutaneously sutured to the musculature. The 

40 facia and skin openings are then brought into ap- 
position and sutured in place. 

Four weeks after the implantation, measure- 
ments were can-ied out to evaluate the rats having 
brain implants as compared to rats having no le- 

45 sions and no implants. Two conventional t>ehavioral 
paradigms were used: the Y-Maze Test and the 
Swim Test. The Y-Maze Test is earned out by 
placing a rat in the center of three arms or paths, 
and observing tiie number of times the rat enters 

50 one of the three arms as well as the specific 
sequence of arms entered over a fifteen minute 
test period. The total number of arms entered is 
indicative of tiie degree of overall behavioural activ- 
ity and tiie percent of spontaneous alternations (in 

55 which the rat enters a new or different arm on 
consecutive trials from the center position as op- 
posed to repeatedly reentering the same arm) is 
considered to be indicative of learning and mem- 
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ory. The Swim Test is another learning and mem- 
ory dependent paradigm In which the rat is placed 
at the same starting position in a large body of 
water and is forced to swim around until it finds a 
single fixed platform. The rat is placed in the Swim 
Test apparatus for one trial per day and is allowed 
to swim until the ptatfonm Is found and it can climb 
out of the water onto the platfonm or is placed on to 
another platform after a maximum time of 180 
seconds has passed. The Swim Test was con- 
ducted on three successive days. 

FIGS. 8, 9 and 10 show the results of the Y- 
Maze Test and Swim Test paradigms conducted 
with rats having brain implants with correctly ori- 
ented electric current, inverted electric current or 
no electric current as compared to normal rats. 
FIG. 8 shows the percent of spontaneous alterna- 
tions for the Y-Maze Test The rats having brain 
implants with inverted or no electric current had a 
lower percentage of spontaneous alternations than 
the rats having brain implants with conrectly ori- 
ented electric current and normal rats. FIG. 9 is 
also the results of the Y-Maze Test and indicates a 
significantly greater number of arm entries for rats 
having brain implants with inverted electric current 
or no electric cunrent as compared to rats having 
brain implants with correctly oriented electric cur- 
rent and normal rats. FIG. 10 shows the results of 
the Swim Test The nonnal rats and rats with the 
brain implants with correctly oriented electric cur- 
rent had latencies to the platform of 35 to 60 
seconds respectively on the first test trials, but this 
latency improved to 7 and 17 seconds respectively 
by the third trials. This learning curve as indicated 
by the intermediate values for the second trials was 
not observed for the brain implanted rats having 
inverted electric cunrent or no electric current 
Moreover, the mean latency for the third test trials 
for the rats having brain implants with inverted 
electric current or no electric current, still exceeded 
the slowest latencies observed during the first trial 
for the normal rats and the rats having brain im- 
plants with con'ectly oriented electric current 

After completion of the behavioural paradigms, 
the rats were sacrificed for the biochemical assess- 
ment of the level of acetylcholinesterase (AChE) 
activity in the left hippocampus. After the rats are 
sacrificed, the brains are quickly removed from the 
skulls and are sagittally transected into two hemi- 
spheres. The left hemisphere is placed over ice 
and the left dorsal hippocampus is dissected out 
The head of the hippocampus is the site closest to 
the injury. Any remaining portion of the ventral- 
most hippocampus is trimmed away and the re- 
maining body of the dorsal hippocampus is equally 
divided in half along the naso-temporal axis. The 
naso-most or rostral/proximal portion, is known to 
receive the greatest percentage of cholinergic in- 



nen/ation from the medial fimbria. The resulting 
naso-section and temporal section of hippocampus 
is then homogenized and the level of AChE activity 
is assayed by routine spectrophotometric tech- 
5 niques. The results were analyzed in terms of 
absolute AChE values expressed as mg/ml of net 
weight and as a percentage of control AChE activ- 
ity from the normal rats. 

Biochemical assay and analysis is only per- 
10 formed in tiie lesioned or left hemisphere, because 
other studies have demonstrated that analysis of 
the contralateral side often yields variable results 
and is not an adequate internal control. The ade- 
quacy of the medial fimbria crushed lesions was 
15 verified by the significant AChE depletion in both 
absolute and percent of control values for the naso- 
and temporal hippocampal sections for all tiie 
lesioned rats. The rafs having brain implants with 
con^ectiy oriented electric cunrent had greater 
20 AChE activity in the naso-section (65%) and tem- 
poral section (72%) tiian observed in the rats hav- 
ing brain implants with inverted electric current or 
no electiic cunrent, which averaged about 50% for 
both sections. Thus, the brain implants according 
25 to the invention partially reversed or prevented tiie 
functional deficits that ordinarily follow partial brain 
lesion. It can be concluded that the implant accord- 
ing to the invention is efficacious for the repair of 
the lesioned brain, even ttiough the lesion of the 
30 medial fimbria still resulted in biochemical and be- 
havioral deficits, t)ecause the treatment was a rela- 
tively short period of time of four weeks. 

Experiments have also been conducted for re- 
generating optic nerves. In separate experiments, 
35 sixteen apparatuses according to the invention 
were constructed. These apparatuses provided a 
discreted distribution of electric current localiy on a 
nerve. In each experiment, rats with optic nerve 
lesions were implanted with apparatuses according 
40 to the invention. The animals were allowed to sur- 
vive for four weeks after tiie implantation. After- 
wards, all of tiie animals were sacrificed and the 
tissue 2.5mm distal to the lesion was processed for 
histologk:al analysis by light microscopy (LM) using 
45 toluidine blue as well as neurofilament-spedfic 
staining. The results in every experimental animal 
showed tfiat all of the animals implanted with the 
apparatuses and conrectly oriented current exhib- 
ited significant ingrowth of axons tiirough and be- 
so yond tiie lesions, as compared to contiiDl optic 
nerves having apparatuses witfiout electric current, 
or witii reverse electric current The optic nerves 
witii apparatuses with conrectly oriented cunrent 
contained a significant number of myelin figures 
55 (averaging between 175 to 380 in each experi- 
ment). arKi reorganization of the tissue mabix in- 
cluding increased vascularity was apparent. All of 
the cortrol optic nerves showed signs of debris 
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and degeneration, and no indication of myelin fig- 
ures. Whether the fibers observed in these experi- 
ments were regenerated optic fibers or re-routed 
peripheral fibers, was addressed in other experi- 
ments. Ten animals were implanted with ap- 
paratuses according to the invention wrth conrectly 
oriented electric current on the right optic nerves. 
After two weeks, the retinae of five of the animals 
were avulsed, and the animals were allowed to 
survive for two more weeks. At that time, the avul- 
sed and non-avulsed animals were sacrificed and 
the optic nerves analyzed as described above. In 
the non-avulsed animals, all optic nerves showed 
regenerating axons in the region distal to the lesion 
as in previous studies. . Four of the five avulsed 
animals showed no signs of regenerating axons, 
indicating that removal of the retina destroys the 
complement of axons. Thus, in these animals, the 
CNS (In this case, ganglion cells) could be made to 
regenerate through a lesion and extend into the 
distal portion of the nerve. 

Although the invention herein has been de- 
scribed with reference to particular embodiments, it 
is to be understood that these embodiments are 
merely illustrab've of the principal and application of 
the invention. Thus, rt is to be understood that 
numerous modifications may be made in the illus- 
trative embodiments and other arrangements may 
be devised without departing from the spirit and 
scope of the invention as defined in the following 
Claims. » 



Claims 

1. An apparatus for in vivo mammalian nerve 
regeneration of a damaged nerve having proximal 
and distal nerve ends, comprising means between 
said proximal and distal nerve ends to maintain the 
nerve ends in proximity to each other, and means 
to produce an electric current from the proximal 
nerve end to the distal nerve end at a level, direc- 
tion and for a period of time to produce nerve 
regeneration. 

2. The apparatus of Claim 1, wherein said 
means to produce an electric current comprises a 
battery and two wires coupled to the battery. 

3. The apparatus of Claim 2, wherein said 
means to produce an electric current further com- 
prises a resistor in series electrical connection with 
said battery. 

4. The apparatus of any of Claims 1 to 3. 
further comprising a nerve guide means proximate 
the^ nerve ends to enhance the growth and reger>- 
eration of said damaged nerve. 

5. The apparatus of Claim 4, wherein said" 
nerve guide means comprises a hollow cylinder 
adapted to be proximate said damaged nerve. 



6. An apparatus implantable in a human body 
for regenerating a damaged nerve having proximal 
and distal nerve ends, comprising nerve guide 
means adapted to extend between said proximal 

5 and distal nerve ends, and a pair of wires having 
one ends respectively adapted to be in contact with 
said proximal and distal nerve ends, and means 
coupled respectively to the opposite ends of said 
wires to cause electric current to flow through said 

10 nerves for a time sufficient to produce nerve regen- 
eration. 

7. The apparatus of Claim 6, wherein said 
nerve guide means comprises a hollow cylinder. 

8. The apparatus of Claim 7. further comprising 
75 a second hollow cylinder connected to said first 

cylinder at a generally perpendicular angle and 
providing a conduit for said wires. 

9. An apparatus for m vivo mammalian nerve 
regeneration of a damaged nerve having proximal 

20 and distal nerve ends, comprising a nerve guide 
means adapted to extend between said proximal 
and distal nerve ends, and means at least partially 
supported on said nerve guide means to produce 
an electrical current from said proximal nerve end 

25 to said distal nerve end at a level, direction and for 
a time to produce nerve regeneration. 

10. The apparatus of Claim 9. wherein said 
means to produce an electric current comprises a 
battery, a pair of wires having their one ends re- 

30 spectively coupled to said battery and their cKfher 
ends adapted to be coupled respectively to said 
proximal and distal nerve ends. 

11. The apparatus of Claim 10, wherein said 
means to produce an electric current further com- 

35 prises a resistor in series electrical connection with 
said battery. 

12. The apparatus of any of Claims 9 to 11, 
wherein said nerve guide means comprises a hol- 
low cylinder adapted to be proximate to said 

40 damaged nerve. 

13. An apparatus implantable in a human body 
for regenerating a damaged nerve having proximal 
and distal nerve ends, comprising nerve guide 
means adapted to extend between said proximal 

45 and distal nerve ends, a pair of wires having their 
one ends respectively adapted to be in contact with 
said proximal and distal nerve ends, and means to 
produce an electric current coupled to the appro- 
priate ends of said wires to cause electric current 

50 to flow through said damaged nerve for a time 
sufficient to produce nerve regeneration. 

14. A method of in vivo mammalian nerve 
regeneration of a damaged nerve having proximal 
and distal nerve ends, comprising bringing said 

55 proximal and distal nerve ends into proximity with 
each other and thereafter producing an electric 
current from said proximal nerve end to the distal 
nerve end at a level and for a period of time to 

10 
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produce nerve regeneration; preferably further 
comprising producing the electric current for a pe- 
riod of time, thereafter discontinuing the electric 
current, and subsequentiy continuing tfie electric 
current for a period of tinr^e; and preferably further 5 
comprising positioning a nerve guide means proxi- 
mate said damaged nerve subsequent to suturing 
said proximal and distal nerve ends; 
the method preferably comprising positioning a 
nerve guide means proximate said proximal and 10 
distal nerve ends and concuaently producing an 
electric cun-ent from said proximal nerve end to 
said distal nerve end at a level and for a period of 
time to produce nerve regeneration; and wherein 
the electric cun-ent is preferably maintained for at 75 
least about one week. 
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12 DAY RESULTS OF IMPLANTATION AFTER 
TRANSECTION-FREEZE LESION OF RAT SCIATIC NERVE 
(single crwa-section (48nifTwl3> 2cm distal to lesion, neurofilament stain) 
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FOUR WEEK RESULTS f^OLLOWINU IMPLANTATIOtvi 
NORMAL AND LESIONED RAT HIPPOCAMPUS 
(MEAN & SEM IN FOUR ANIMALS/GROUP) 
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FOUR WEEK RESULTS FOLLOWING IMPLANTATION 
NORMAL AND LESIONED RAT HIPPOCAMPUS 
(MEAN & SEM IN FOUR ANIMALS/GROUP) 
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FOUR WEEK RESULTS FOLLOWING IMPLANTATION - NORMAL AND 
LESIONED RAT HIPPOCAMPUS IN THREE CONSECUTIVE TRIALS 
(MEAN AND SEM OF 4 ANIMALS/GROUP) 
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